This study investigated mobilization and persistence of the recombinant, catabolic plasmid pDlO in laboratory microcosms by natural mobilizing plasmids, recently isolated from epilithic bacteria by exogenous isolation in Pseudomonas putida, as opposed to their isolation in the strains in which they occur in situ. Initial experiments in simple, beaker microcosms were used to optimize conditions for selection of the donor, recipient and transconjugant populations. Studies in a recirculating stream microcosm showed that donor, P. putida KT2440(pDIO, pQKH6), and recipient, P. putida UWCG, populations, although declining with time, were able to survive for three weeks and that colonization and survival was predominantly in the epilithon of the microcosm rather than in the liquid phase. Transconjugants UWC6(pD10, pQKH6) were also isolated from epilithon, showing that plasmid pDlO had been mobilized b y plasmid pQKH6. The donor strain was able to survive a t 100-fold greater numbers than the recipient, but transconjugants were not isolated after day 15. Separate inoculation of the donor and recipient strains into the microcosm showed that they were able to colonize other stones, where transconjugants then arose as a direct result of plasmid transfer within the epilithon. A catechol2,3-dioxygenase gene, tdnC, was used to facilitate identification of donors and transconjugants. Preliminary laboratory matings showed that pDlO transferred to indigenous epilithic strains identified as Pseudomonas fluorescens, P. chlororaphis and P. aureofaciens. These results suggest that in the absence of selection, mobilization of introduced recombinant genes encoded by pDlO occurs at easily detectable frequencies, even in an oligotrophic environment.
INTRODUCTION
Gene cloning and the characterization of bacterial xenobiotic degradative genes have facilitated the construction of novel catabolic pathways, thereby extending the range of substrates which can be utilized by microorganisms (Weightman e t al., 1984) . Therefore, biodegradation offers a powerful means of eliminating toxic man-made organic pollutants from the environment (Chaudry & Chapalamadugu, 1991) . Hence there is a potential use for such recombinant xenobiotic-degrading plasmids in bioremediation. Soil microcosms are currently Abbreviations: 3CB, 3-chlorobenzoate; C230, catechol2,3-dioxygenase; GEM, genetically engineered micro-organism; SUC, succinate.
being extensively used to study the survival, stability and transfer of genetically engineered micro-organisms (GEMs) (Smit e t al., 1973; Ramos e t al., 1991) but relatively few studies have evaluated their survival and fate in freshwater environments (Awong e t al., 1970) .
We recently described the isolation of naturally-occurring epilithic plasmids which are capable of mobilizing pD10 (Hill etal., 1992; McClure etal., 1989) , a recombinant nonconjugative catabolic plasmid which carries tfdC, tfdD and tfdE genes derived from plasmid p JP4 (Perkins et al., 1 WO) , encoding the biodegradation of 3-chlorobenzoate (3CB), and provides a useful model chlorinated aromatic xenobiotic. Mobilization of GEMs has been shown to occur in activated sludge (McClure e t al., 1990a) and surprisingly, also in drinking water (Sandt & Herson, 1991). The aim of this study was to investigate persistence and mobilization of pDlO by two epilithic mobilizing plasmids (pQKH6 and pQKH9) in river epilithon using two types of laboratory microcosm.
METHODS
Bacterial strains and plasmids. The strains and plasmids used in this study are shown in Table 1 . pmob indicates mobilizing plasmid (pQKH6, pQKH9 or pQM902). Plasmid pQM902 was constructed using the suicide vector Tn5A : : mer : : tdnC transposon donor system (McClure et al., 1990b) to introduce the tdnC gene (McClure & Venables, 1987) linked to mercury resistance (HgR) into plasmid pQKH6 (Bradley, 1992) . All the Tn5-specified antibiotic resistance genes had been deleted or inactivated in this recombinant transposon. Hence plasmids pQM902 and pDlO could be distinguished from each other by use of the HgR (mercuric chloride), C230' (catechol 2,3-dioxygenase) and KmR (kanamycin) phenotypes respecti\,ely.
Detection of catechol 2,3-dioxygenase expression. Expression of the tdnC gene was detected by spraying selective plates with 1 O h (w/v) catechol. A positive reaction was indicated by production of a yellow coloration due to the formation of 2-hydroxymuconic semialdehyde (Winstanley et al., 1989) . Expression of the tdnC gene in plasmid pQM902 was tested and was not inhibited by the presence of pDlO in the same strain. However, C230 expression was found to be inhibited by production of 3-ch1orocatecho1, a key metabolite formed during the degradation of 3CB (Reineke & Knackmuss, 1980) . C230 has previously been shown to be inactivated by 3-ch1oroc;itechol (Bartels et al., 1984) . Hence, colonies were first sprayed with catechol for C230 expression and then subcultured on 3CB plates to confirm transcon jugants.
Media for growth and maintenance of bacteria. The strains were maintained on either Luria-agar (L-agar) with the addition of appropriate antibiotics or on defined solid or liquid minimal media with carbon sources as described by Slater et al. (1979) .
Succinate (SUC) (1 g 1-' ) or 5 mM 3-chlorobenzoate (3CB) was used as the carbon source. Media and supplements, including PSM (Pseudomonas selective medium), were as previously described (Hill et al., 1992) . The following antibiotic additions were also used: streptomycin (Sm), 1000 pg ml-' and nalidixic acid (Nal), 500 pg ml-'. R2A agar (Reasonner & Geldriech, 1985) was used for the enumeration of heterotrophic bacteria in epilithic and planktonic samples. PCA broth (yeast extract, 2.5 g 1-' ; pancreatic digest of casein, 5 g l-', Oxoid L43 ;
glucose, 1 g 1-' ) was used as the liquid phase in beaker microcosm experiments. One-tenth strength nutrient broth (NB/10; Oxoid CM3) was used for serial dilutions.
Beaker microcosm experiments. Initial mating experiments were carried out using 500 ml plastic beakers with 100 ml of liquid phase. Overnight cultures in L-broth of P. putida strains [donor KT2440(pD10, pQKH6 or pQKH9) (3 ml) and recipient UWC5 or UWC6 (2 ml)] strains were mixed and were immediately filtered onto a 0.2 pm pore size membrane filter (25 mm diameter). The filters were then attached face-down, onto either sterile scrubbed or non-sterile stones as described by Bale et al. (1988b) and submerged in the beakers. The beakers were sealed in sterile stomacher bags (Seward Medical, Fisons Scientific Equipment) and incubated for 24 h at 20 "C. A series of mating experiments was carried out in the beaker microcosms using either sterile stones in PCA broth, sterile stones in River Taff water or stones with normal epilithon fresh from the River Taff in Taff water. Filters were removed and the attached biomass was resuspended in 10 ml NB/10. The stone surface previously in contact with the filter was also sampled by scrubbing with a sterile toothbrush in 10 ml NB/10 as described by Bale et al. (1988b) . Donor, recipient and transconjugant viable counts from the filters, stones and liquid phase were enumerated.
Recirculating stream microcosm design and operation. The recirculating stream microcosm (LABCRAFT, South Glamorgan, UK) was built to the design of Vogel & Labarbera (1978) and consisted of a perspex channel (150 x 21 x 16 cm) supported on a wooden frame as described by Day et al. (1992) . The water was circulated by a 190 W brush-less electric motor (Parvalux, Bournemouth, UIC) attached to the channel by the outflow pipe. Water was propelled through a ridged-PVC lagged pipe (diameter 10-16 cm) to the stream inlet. The inlet and outlet pipes attached to the stream allowed recirculation of the water contained in the system. At both ends of the stream, turbulent flow was reduced using resin-impregnated honeycomb (DUFAYLITE, Dufaylite Developments, Cambridge, UK). The water temperature was controlled by a thermostat linked to heating and cooling coils placed near the stream outlet pipe and was monitored by a temperature probe near the stream inflow. The temperature of the microcosm was maintained at 20 "C or 15 "C. Stones with epilithon were collected from a shallow area in the lower reaches of the River Taff (Ordnance Survey Grid Reference ST 164783). Approximately 50 freshly collected stones were placed in the microcosm. This was subsequently filled to a total volume of 50 1 with freshly collected river water. The flow rate of the circulating water was maintained at a constant velocity of 0.5 m s-l throughout. The filled microcosm was disinfected between experiments by recirculating Chempro SDP steriliser (5 g I-l, Chempro DDD) for 24 h followed by extensive rinsing with water. The effectiveness of this procedure was evaluated prior to each subsequent experiment by an inability to isolate the donor and recipient strains from the microcosm on solid selective media. The microcosm was equilibrated for one week before each experiment.
Mating experiments in the recirculating stream microcosm.
P. pzltida donor strain, I<T2440(pD10, pQKH6 or pQM902), and recipient strain, UWC6, were mixed on membrane filters as described above. Two sterile control filters attached to sterile stones were also placed in the microcosm at the beginning of each microcosm experiment. These stones were removed after 24 h and viable counts of donors, recipients and transconjugants on the filters and on the stone surface previously covered by the filter were made as described above. At the same time counts were also made of two 10 ml liquid phase samples.
After removal of the filters, the microcosm was sampled every 2-3 d by removing two stones for epilithic samples and two 10 ml planktonic samples. These samples were taken randomly. Epilithic suspensions were prepared by scrubbing the whole stone as described above and total viable heterotroph, donor, recipient and transconjugant populations were determined. The remaining epilithic samples were frozen at -70 "C for carbohydrate analysis.
P. putidu strain KT2440(pD10, pQKH6) was used as the donor in the first microcosm experiment at 20 OC, whereas KT2440(pD10, pQM902) was used in subsequent experiments (at 15 and 20 OC, respectively). The recipient was P.putidu strain UWC6. Viable counts on Suc+HgCl, were made for enumeration of all donor strains and on PSM with appropriate antibiotic additions for enumeration of the recipient strains UWC5 and UWCG and transconjugants. For transconjugants counts, 5 in1 epilithic suspension was concentrated and the pellet resuspended in 1 ml NB/10 before spread-plating onto the very dry surface of the relevant selective plate. Transconjugants were routinely confirmed phenotypically and by plasmid identification using a modified version of Kado & Liu's (1981) lysis and gel electrophoresis protocol as described by Rochelle e t al. (1986) . All colonies tested were confirmed as transcon jugants. Total viable heterotroph populations were enumerated on R2A agar.
Control experiments. Donor and recipient strains were routinely plated onto all selective media as controls for selection.
Initial transfers in the beaker microcosms were carried out with recipient and transconjugant selection on PSM + Rif + Sm and PSM + Rif + Sm + Km, respectively. However, control plates of donor and recipient strains filtered and plated out immediately showed that a small number of transconjugants were arising as a result of mating occurring on the plate surface (Table 2a) . Additions of Nal as a selective agent in conjunction with use of a NalR recipient strain prevented this (Table 2b) .
Mobilization of plasmid pDlO to indigenous epilithic bacteria. A 1 ml overnight culture of donor strain UWC6(pD10, pQKH6) was mixed with 1 ml fresh epilithic suspension, MNS (Hill et al., 1992) , then poured onto the surface of a very dry PCA plate, and incubated overnight at 30 "C. The overnight growth was harvested into 10 ml NB/10 and dilutions were plated onto Suc + I<m + Hg, Suc + Km, 3CB + I<m and 3CB + ICm + Hg selective media. Putative transconjugants thus selected were characterized both phenotypically and genotypically as described above and were identified to species level using the API 20NE identification kit (API-Biomerieux UIC). Expression of plasmid pDlO 3CB biodegradative genes in such transconjugants was confirmed by testing their ability to release C1-from 3CB in liquid culture (Slater e t ul., 1979) .
Carbohydrate assay. The carbohydrate content of the epilithon and bacterial heterotrophs was monitored throughout each experiment to determine whether the aquatic biofilm was maintained in the microcosm. The assay used was the phenol/ sulphuric acid method of Gerchakov & Hatcher (1972) .
Statistics. Statistical analysis of the data was as described by Hill e t al.
(1 992).
RESULTS

Beaker microcosm experiments
Transcon jugants containing pD10 were detected in all mating experiments i n the beaker microcosms (Table 2) and were detected in all three habitats sampled (on the filter, the stone surface a n d in the liquid phase of the system). Mobilization o f pDlO was observed at frequencies (for all matings) well above those detected in control experiments with selection made on minimal media (1 0-6-1 Or').
Mobilization frequencies f r o m KT2440(pDlO, pmob) t o UWC5 ranged between a n d lop5 per recipient (Table  2a) . To prevent mating f r o m occurring on the plate surface after spread-plating (Table 2a) , a NalR UWC5 derivative (UWC6) was used as the recipient strain with selection on Nal (Table 2b ). Nalidixic acid inhibits DNA gyrase activity, which is necessary f o r successful conjugation (Sugino e t al., 1977) . No significant difference to the transfer frequencies was observed with this recipient strain ( P = 0.367) by comparison with strain UWC5. However, plasmid pQKH6 gave significantly higher mobilization frequencies o f pDlO to UWCG than did pQKH9 ( P = 0.039). Two-way analysis o f variance showed that substitution o f Taff water f o r PCA broth in the liquid phase produced a significant drop i n mobilizing frequency ( P = 0-003), although the actual frequencies measured remained high (1 0-3-1 O-* ; Table 2b ). No significant difference was found between the habitats sampled ( P = 0*223), suggesting that the mobilization Sterile stone/ pQKH6
Sterile stone/ pQKH6 selection on PSM + Rif,, + Nal,,, + Km,,
PCA broth pQKH9
Taff water pQKH9
Epilithon covered P Q K H~ stone/ Taff * Mean transfer frequency of two determinations where donor and recipient strains were mixed and plated out immediately; minimum significant difference = 1.27 log,, units.
frequencies obtained from the filter, stone and liquid phase in the beaker microcosms were essentially similar.
numbers remaining in the epilithon and liquid phase (Fig.  1) .
Recirculating stream microcosm experiments
Three separate microcosm experiments were carried out to investigate mobilization of plasmid pDlO in riverine epilithon. In the first experiment, four filters carrying a mixture of P. pzltida I<T2440(pD10, pQKH6) donor and UWC6 recipient strains and two sterile control filters, all attached to separate sterile stones, were placed in the microcosm at 20 O C for 24 h. A mean transfer frequency of 1.6 x lop3 per recipient was obtained for mobilization of pDlO on the filters in the microcosm, and of 1-6 x per recipient on the stone surface. These frequencies were about one order of magnitude lower than the mean freauencv of mobilization of DD~O in control standard A second identical experiment was carried out using three inoculated filters, but instead, I<T2440(pD10, pQM902) was used as the donor strain and the microcosm was maintained at 15 "C. Plasmid pQM902 ( = pQKH6 : : Tn5A : : mer: : tdnC) was used to facilitate selection and confirmation of transconjugants. Mean mobilization frequencies of pDlO obtained on the filters, the stone surface and in control laboratory plate matings (3.2 x 2.0 x and 5.3 x respectively) compared well with those determined in the first experiment. Fig. 2 shows the numbers of donors, recipients and transconjugants remaining in the epilithon and the liquid phase of the microcosm after removal of the filters in this second experiment. I lab&ato;y plate matings (1.7 x loF2 per recipient). FolIn a third microcosm experiment (again maintained at lowing removal of the filters and the stones to which they 20 "C), the donor and recipient cultures were not mixed were attached, the microcosm was regularly sampled to prior to inoculation. Two filters with only donor determine the donor, recipient and transconjugant I<T2440(pD10, pQM902) and two separate filters with Fig. 2 . Survival of P. putida strains and transfer of pDlO in a recirculating stream microcosm using pQM902 a t 15 "C; donor and recipient inoculated on the same filter. Change in (a) c.f.u. per cm2 stone area and carbohydrate concentration as pg glucose equivalents ml-' in epilithon and (b) c.f.u. ml-' in the liquid phase. Symbols are as for Fig. 1 except that the donor (a) was KT2440(pD10, pQM902).
only recipient UWC6 (each with 3 ml of overnight culture) were attached to individual stones before being placed in the microcosm for 24 h. The microcosm was sampled for a week prior to inoculation to ensure that no false positive donor, recipient or transconjugant counts were obtained. Bacterial loss from the inoculated filters allowed these strains to mix in the epilithon of uninoculated stones and the liquid phase of the microcosm, IP: 54.70.40.11
On: Mon, 31 Dec 2018 00:20:00 except that the donor (a) was KT2440(pD10, pQM902).
where they were monitored following removal of the filters and the stones to which they were attached (Fig. 3) . Therefore, any contact between the donor and recipient strains occurred after placement of the filters in the microcosm.
In all three experiments, donor and recipient populations were detected in the epilithon of most stones and in the liquid phase of the microcosm, showing that a 24 h period was sufficient for efficient introduction and spread of these strains throughout the microcosm. Figs l(a), 2(a) and 3(a) show that, generally, the donor and recipient populations declined slightly with time over the three week monitoring period. The donor strain KT2440(pD10, pmob) survived in high numbers in the epilithon but viable counts were slightly higher at 20 OC (Fig. 3a) than at 15 OC (Fig. 2a) . The recipient strain UWC6 was also maintained, although these counts were 100-fold lower than those for the donor strain, and fell close to (and, in two samples, below) the limits of detection for this strain (Figs 1--3) . Neither strain survived well in the liquid phase of the microcosm.
Transconjugants were detected at low but significant frequencies in all microcosm experiments and were found to occur predominantly in the epilithon (Figs 1-3 ). Taken together, these results clearly show that the mobilization of plasmid pDlO had occurred in the microcosm. Low transconjugant counts may be attributed to a low transfer frequency, or equally can be correlated to an inability to consistently detect the recipient strain during the same period. Plasmid preparations of putative transconjugants all showed the presence of pDlO and pQKH6 or pQM902, and no structural rearrangements were observed. In all three microcosm experiments, control plates showed that no mating occurred on the surface of the plates after spread-plating. Transconjugants were enumerated on the sterile control filters placed in the microcosm for 24 h and in all experiments they were found to be present on the filters and the stone surface at just detectable levels.
The heterotroph population in the epilithon and the liquid phase remained fairly constant for each experiment, with no significant difference in the counts obtained within experiments (Figs 1, 2 and 3) . However, the carbohydrate concentration of the epilithic suspension fluctuated by more than the minimum significant difference in each experiment. The carbohydrate analysis is a measure of epilithon concentration and this result suggests that the depth of the epilithon in the microcosm varied during the experiments.
Mobilization of pDlO to indigenous epilithic bacteria
Preliminary laboratory plate matings between auxotrophic donor P. putida strain UWC6(pD10, pQKH6) and suspensions of epilithon resulted in the selection of epilithic transconjugants containing pD10. Eleven putative transconjugants isolated on SUC + Km + Hg were selected for more detailed characterization. Plasmids pDlO and pQKH6 were detected in all these strains, indirectly by their resistance markers and directly by plasmid isolation. Nine of them were able almost completely to dechlorinate 3CB in liquid culture, indicating that the 3CB degradation genes encoded by plasmid pDlO were co-transferred and expressed in these strains. Although two of the transconjugants could not be identified using the API 20NE kit, the others were as follows : Psezldomonas fluorescens, Pseudomonas chlororaphis, Pseudomonas aureofaciens and a Bordetella-like species. This method of species identification is not always reliable. However, these results show that although such trans-Persistence and mobilization of pDlO in epilithon conjugants had not been selected in the microcosm, plasmid pDlO could be mobilized to a range of different epilithic species.
DISCUSSION
Experiments described in this paper have confirmed that the recirculating stream microcosm is a good model for the study of gene transfer systems in river epilithon. It has already been shown that the microcosm is able to simulate the environmental factors which affect conjugation. Fry e t al. (1991) showed that the transfer frequencies of plasmid pQMl between P. aerzlginosa donor PA02002 and recipient PU21 did not differ significantly from those obtained in sitzl in the River Taff (Day e t al., 1992; Bale e t al., 1988a) . The present study extends these findings to an investigation of recombinant gene transfer by plasmid mobilization.
Results from matings in simple beaker microcosms were extremely useful in that they facilitated the choice of mobilizing plasmids (pQKH6 and its derivative pQM902) for use in subsequent experiments and simplified extrapolation of this mating system to the recirculating stream microcosm. The frequencies of mobilization observed here suggested that frequencies obtained in the stream microcosm would be sufficiently high to enable detection. The use of the genetic marker tdnC, carried by the mobilizing plasmid pQM902, made rapid and easy identification of transconjugants possible, although these were always confirmed by establishing the physical presence of plasmid DNA. The use of this marker also verified that the selective media used worked well.
In all three microcosm experiments a similar decline in donor and recipient population profiles was observed following introduction into the recirculating stream microcosm, whether together or separately. This initial decline in numbers, followed by a stabilizing of the donor and recipient populations, is consistent with declines in populations of Aeromonas salmonicida (Morgan e t al., 1993) and Pset/domonas spp. (Scheuerman e t al., 1988) observed in unsterile lake water. It is generally recognized that survival and maintenance of bacteria introduced exogenously into aquatic environments containing an indigenous microflora may be affected by a number of factors (Liang et al., 1982) . These include: starvation (Sinclair & Alexander, 1984) ; predation (Scheuerman, 1988) ; competition with the indigenous microflora (McClure e t al., 1989) ; the presence of antimicrobial toxins (Klein & Alexander, 1986) ; and temperature (Day e t al., 1992) . Within the narrow range investigated in this study, temperature had only a small effect on survival of the introduced strains. However, these microcosm experiments did suggest that the survival and mobilization of pDlO by pQKH6 may be better at 20 OC than at 15 "C, since the donor strain was maintained at higher numbers at the higher temperature. A change in temperature of 5 "C is well within the normal annual fluctuations of the River Taff and reflects the robustness of P. Pntida, which is able to grow and proliferate over a very wide temperature range (about 4 "C to 40 "C).
Two other general observations were made regarding survival of bacteria into the microcosm. First, the prototrophic donor strain always survived better than the auxotrophic recipient. Since these strains are isogenic, except in respect of plasmid content and one or two selectable markers, it seems likely that nutritional status was the main contributing factor accounting for this observation. Second, survival of both strains was far better in the epilithon than in the liquid phase of the microcosm. Indeed, the donor and recipient populations of the liquid phase were close to and often below the limits of detection and few transconjugants (seven in total) were detected. This is consistent with the study of Geesey e t al. (1977) , who also found that the epilithon favours colonization, since the liquid phase is low in readily available nutrients. Possible factors reducing conjugation and plasmid mobilization in the liquid phase are poor cell-to-cell contact and the expression of certain pilus types such as rigid IncPl pili (Bradley, 1980) for which transfer proceeds at far higher frequencies on solid media than in liquid (Bradley e t al., 1983) .
In the third experiment (Fig. 3) , where the donor and recipient populations were spatially separated in the microcosm, transconjugants arose as a direct result of the dispersal to and colonization of new stones by both strains where plasmid transfer subsequently occurred. The epilithic biofilm is a dynamic habitat which is continuously being renewed, thereby causing the rapid colonization of uncolonized stones. The microcosm experiment further indicates that colonization of an existing epilithon by exogenously introduced strains can also occur rapidly, to the extent that genetic interactions may be detected. This experiment mimics conditions likely to be encountered in the event of the accidental release of a GEM into the riverine environment. For example, the application of GEMs in waste-treatment is likely to result in their dispersal in the water-table to rivers and streams. Even in the absence of selection for plasmid encoded traits, recombinant gene transfer may still occur at high frequencies.
Mobilization of GEMs to the indigenous soil microflora has been shown to occur in sitzi to P. jzlorescens (Henschke & Schmidt, 1990), and Genthner e t al. (1988) also demonstrated the ability of aquatic bacteria to act as recipients of the broad-host-range plasmids R68 and R1162. However, assessment of transfer to the indigenous population requires the use of a suitable donor counterselection method, such as the use of donor-specific bacteriophages (Smit e t al., 1991) . In initial laboratory mating experiments, transfer of pDlO to the indigenous epilithic population was successful and was primarily to Psezldomonas spp., indicating that these strains are those most likely to act as natural recipients in epilithon in sitzl.
The results of this study validate the use of this microcosm to study gene transfer in an aquatic environment. Unlike previous studies where plasmid mobilization has been shown to occur in nutrient-rich environments such as wastewater (McPherson & Gealt, ,1986) 
